Abstract-Semantic Web technologies, applications and tools have made great steps forward in the life science and health care data exchange. However, developing appropriate semantic representations, including designing spatio-temporal ontologies, remains difficult and challenging. In this paper, we describe a framework to engineer a spatio-temporal semantic representation for the Cardiac MRI images using the current existing case studies conducted in Sarawak General Hospital Heart Centre.
I. INTRODUCTION
Cardiac MRI images data generated by various hospitals and clinics worldwide is increasing at a steady rate and provides an opportunity for new computer science and information technology researches. Hospital and clinic administrators have developed awareness to the need of adequate cataloguing, representation and indexing the rapidly increasing MRI image databank.
Further supporting the awareness are researches that involves big data where data not only carries volume but also value and transforming data into knowledge. Cardiac MRI image data are collected using MRI machines for both medical and research usage. Transforming the data into knowledge requires involvement of computer science and information technology techniques to aggregate the data in hierarchically organised knowledge that will be more understood by non-experts, such as medical students and researchers from other domains.
In this paper we present a theoretical framework to represent the Cardiac MRI image databank in an ontology which will extend existing medical ontologies. Our main goal is to explore and study the techniques on how to bridge the spatio-temporal semantic gap problem in biomedical atlases using semantic web technology. We hope to achieve this goal by developing an ontology that can help to compute the correlation between the biomarkers and a series of cardiac MRI images of heart attack patients in determining the amount of scar healing and LV remodelling.
Biomedical atlases typically consist of a three main components. These components are the graphical model, the ontology that is associated with the graphical model and a mapping between those two. In this research, the graphical model that will be used is the Cardiac MRI images. An ontology is composed of objects and conceptual relations between the objects. Ontology is the theory of objects in terms of the criteria which allow one to distinguish between different types of objects and their relationships, dependencies, and properties. The spatiotemporal ontology contains spatial information of the cardiac physical and anatomical relations; and the temporal information is the sequence of clinical events and episodes of care. The mapping between the Cardiac MRI images and ontology would guide medical decision making as it can be used to characterise the state and behaviour of a patient's disease both in terms of natural course and as the result of therapeutic interventions. Hence, it also contributes as phenomenon-centric data to support health care research. We focus on Semantic Web technologies for spatio-temporal representation of the Cardiac MRI images alongside clinical data obtained from Sarawak General Hospital, Sunnybrook Cardiac MR Database [1] , DETERMINE and MESA [2] . The objectives are to explore and study how to design, represent and engineer a spatio-temporal ontology for Cardiac MRI Images. Expected outcomes are the spatiotemporal semantic representation of the knowledge implicit in biomedical image data represented using an ontology. The ontology will be in RDF/OWL. The research will include prototyping of SPARQL end points to test querying the underlying data using the representations developed in this work.
The remainder of this paper is organised as follows. In Section II, we present the background on existing work. In Section III, we describe the case studies and data. In Section IV, we present and discuss the proposed framework, and conclude in Section V with a discussion of our suggestions for future work.
II. RESEARCH BACKGROUND
Research to detect, recognise and interpret Cardiac MRI images has started since the 1980's. Florentine et al. [3] noted that MRI is a non-invasive technique and does not require the use of ionising radiations. The images are tomographic, of selectable slice thickness and displays an excellent spatial resolution which can be used to accurately determine in vivo ventricular mass in animals. They also recognized the problem with manual tracing efforts hampering the adoption of cardiac MRI as a routine investigation. Manual tracing is so dependent on image quality, and there is no on-size-fits-all MRI settings for the optimum image result. The compared results from graphbased searching method with the manual tracings, though they acknowledged that this in itself can be considered as a bias as only decent images can be used.
According to Attili et al. [4] Cardiac Resonance Imaging (CMR) has shown to be a versatile imaging modality providing reproducible assessment of global and ventricular regional function, blood flow, myocardial perfusion and myocardial scar. Recent advancements in MR hardware and software have resulted in various advancements in cardiac MRI image acquisition and processing. Some of the analysis performed are:
Assessment of global ventricular functions
Typically derived from a stack of multi-slice 2D steady state free progression (SSFP) images acquired during multiple periods of breath-holding. SENSE and GRAPPA have been the most successful and are now widely available in most commercial MR systems.
Quantitative image analysis for assessment of global functions
Requires the measurement of the chamber volumes at different points in the cardiac cycle. In determining the left ventricle (LV) volumes, a multi-slice short axis image is acquired such that the LV wall is imaged almost perpendicularly resulting in minimal partial volume averaging artefacts. In addition, the measurements are independent of geometrical assumption. In determining the right ventricle volumes, the use of axial slices are more advantageous.
Evaluation of regional ventricular functions
Also known as myocardial strain imaging using tagged cine MRI which assesses the local tissue deformation as an indicator of regional myocardial contractile function. A recent method called strain-encoded (SENC) imaging was introduced to measure myocardial strain in patients with a heart attack. SENC provides a higher temporal and spatial resolution of strain measurement throughout the whole cardiac cycle. A dysfunctional region on a SENC image corresponds with the region of hyperenhancement or delayed contrast-enhanced the images.
Evaluation of blood flow in the heart and great vessels
Cardiac-gated GRE sequences with flow-encoding gradients are used to quantify velocity and blood flow in the heart and great vessels.
Myocardial perfusion at rest and stress
The analysis method used to quantify the absolute myocardial blood flow (MBF) in millilitres/minute/gram.
They remarked on the lack of an integrated image analysis package for cardiac MRI, as the various solutions only cater to selected elements within a cardiac MRI examination.
The increasing routine clinical use of CMR and the overwhelming size of a typical CMR image dataset poses a significant challenge for a time-efficient image quantification and interpretation. Various ontologies were developed to help the management of CMR image datasets. One of the most established ontology is the Foundation Model of Anatomy (FMA) Ontology. FMA was developed as a reference ontology designed to support any computational tools that calls for anatomical information. Rosse [5] demonstrated the potential of FMA in the basic and applied biomedical sciences through the use of case studies.
In the development and any implementation instances of FMA, one fundamental challenge is present -the terminology to be used. Rector [6] highlighted the clinician's concerns when it comes to anatomical notions. The goal in clinical terminology is less concerned about representing the anatomy for its own sake, but more towards faithful communication among the clinicians about what they have seen, heard, thought and done in the care of patients. Clinicians are primarily concerned with disorders and dysfunctions of the anatomy, therefore any representation of anatomy for clinical purposes muse be able to deal with the anatomical structure, function and development. Furthermore, the representations must also be able to handle arrangements of tissues as well with organs and other structures because a significant portion of clinical anatomy also deals with pathology.
Rector [6] further proposed five key goals with respect to the anatomy in developing a logical foundation for clinical terminology: Other biomedical already existed to a certain extent such as developed by The National Center for Biomedical Ontology [7, 8] extended Cardiac MRI as a superclass. Subclasses are yet to be added. In a different work, the Cardiac Atlas Project [2] aims to create a database of cardiac MR examinations with necessary infrastructure and protocols. These database has been populated with cardiac data and derived functional analyses from different studies, including the Multi-Ethnic Study of Atherosclerosis (MESA) and the DEfibrillators to REduce Risk by Magnetic Resonance ImagiNg Evaluation (DETERMINE).
Other biomedical semantic research revolves around medical image retrieval [11, 12] , electronic health records and health information exchange [13] , and medical imaging informatics [14] . Current trend in biomedical semantics revolves around the approaches in spatial and temporal (spatio-temporal) semantic descriptions.
Current works of representing medical data and information in an ontology to automate the annotation process on medical images are shown by Smailis and Iakovidis [15] . They presented a generalised ontological representation of spatial relations. Their model takes into account the considerations that spatial relations have their own characteristics, but at the same time act as a link between different objects, and spatial relations should be independent of vector space dimensionality. They believed that spatial relations are often more reliable descriptors than object properties in static content images, for example in a chest radiograph, the texture of the lung may vary from subject to subject, whereas its relative position in respect to the spinal cord remains approximately the same. Smailis and Iakovidis implemented their model in their Ratsnake annotation tool and enables automatic image annotation within a specified image domain. Their process was divided into two distinct phases, the training phase where the user either manually or semiautomatically annotates the image with the help of a semantically-aware annotation algorithm they developed; and the labelling phase.
A new semantic web framework was developed by Lopes and Oliveira [15] called COEUS following a "semantic web in a box" approach. The framework provides a single package; includes advanced data integration and triplication tools, base ontologies, a web oriented engine and a flexible exploration API aiming to streamline the application development cycle. The framework supports resources from CSV, XML, SQL or SPARQL query results to map directly into one or more ontologies. In terms of interoperability, COEUS features REST services, a SPARQL endpoint and LinkedData publication, supporting the creation of web applications, desktop or mobile environments.
Möller and Sintek [10] proposed an ontology framework to model depicted in Figure 1 . They aim to reuse and map existing medical ontologies. Four hierarchical levels of ontologies were identified namely representation ontology, upper ontology, midlevel ontology and low-level ontology. 
III. CASE STUDIES AND DATA
Three main image datasets will be used in this research. These datasets are Sarawak General Hospital, Sunnybrook Cardiac MR Database [1] , DETERMINE and MESA [2] . Detail description for DETERMINE and MESA datasets are provided by [1] and [2] . We will explain further on the image dataset that is obtained from CMR follow up protocols for investigator initiated research performed at the Heart Center, Sarawak General Hospital, Kota Samarahan, Sarawak, from three medical studies:
MASCARA Studies
A cross-sectional study on healthy volunteers, with no known hypertension, diabetes mellitus, dyslipidaemia or coronary artery disease.
MIRAMI Study
To assess reliability of mIR208a in predicting outcome and recovery rate post-anterior myocardial infarction based on the measured LVEF (function), Volumes and oedema from CMR; and to assess level of mIR-208a and correlate levels with duration required for infarct healing from acute necrosis to chronic scar and how it impacts amount of healing and degree of LV remodelling. All three medical studies stated above are recent and ongoing with pre-determined number of patients and data samples. For the purpose of this paper, we will elaborate on why sample data from the studies are selected and with time we hope the data samples grows large enough to begin a quantitative study.
MR MIR Study
Data from the MASCARA study will be used as a based-line data for a healthy heart specifically in the Sarawak population. Currently all clinical cardiac data are compared against a world standard for the heart cavity volumes and functions. Although clinically accepted, the study itself aims to establish typical healthy heart parameters of the Sarawak population to serve as a local baseline when diagnosing for heart conditions. For both MIRAMI and MR MIR studies, data are collected in five different sessions from the index admission data, 2 weeks after, 1 month, 3 months and 6 months after. All data are collected in 'cine' or 'moving images' format for volume and function assessment. The use of Gadolinium as the contrasting agent is applied in the last data collection session for a particular patient to quantify the size of infarcted heart muscles for MR MIR study while for MIRAMI study, the contrasting agent is used in all sessions. Our research interest is the MIRAMI study.
A. Spatial Data
Patients suffering from post-anterior myocardial infarction must first be stable before any CMR procedure is performed. mIR208a biomarker will be collected 12 hours and 24 hours after the patient is admitted with chest pains associated with a heart attack. This biomarker levels will be used as a based to determine the correlation to the duration taken for the infarcted myocardium to heal.
Once the patient is stable, a protocol with four sequences will be performed, which are:
1. Cine 2. T2STIR 3. Early Gadolinium/contrast enhanced images 4. Late Gadolinium/contrast enhanced images The first sequence cine or "moving images" is used to assess volume and function. T2STIR or "oedema images" for fluid accumulation in the heart chambers. Normally, oedema disappears after some time. The researchers determined that after the third session, any occurring oedema would have disappeared and thus images from this sequence is not collected after the third CMR session. Towards the end of the CMR session, a dose of gadolinium/contrast is administered to the patient and images are taken within the first 3 to 5 minutes after that. The first 3 to 5 minutes is known as the early gadolinium/contrast enhanced images while the late gadolinium/contrast enhanced images will be taken 8 to 10 minutes later. Table I below shows the sequence performed for each CMR session from index to 6 months after. The ticks indicate that the protocol is performed. 
B. Temporal Data
Temporal data for this research are divided into two setsFirst, the intersessions set, where the cardiac MRI is performed in 5 sessions from the initial scan followed by 2 weeks, 1 month, 3 months and 6 months after the initial scan. The second set is the intrasession set, where within each of the sessions, multiple MRI images are obtained over the length of the scans.
For every intrasessions even on the same individual, the number of frames varies. A normalization method has to be applied to allow a more accurate quantitative measure of the temporal data. Smailis and Iakovidis [14] suggested that discrete frames (f = 0, 1, 2, …, f i , F) for a cardiac MRI scan is normalized to each cardiac cycle [0, 1] such that the end-diastole frame (f ED ) is represented by t = 0 and end-systole (f ES ) is represented by t = 0.35. The normalized time coordinate of 0.35 was selected because this is a typical duration of systole in normal people.
IV. THE SPATIO-TEMPORAL SEMANTIC REPRESENTATION OF CARDIAC MRI FRAMEWORK
The spatio-temporal ontology (that will be created) contains spatial information of the cardiac physical and anatomical relations; and the temporal information is the sequence of clinical events and episodes of care. The mapping between the Cardiac MRI images and ontology would guide medical decision making as it can be used to characterise the state and behaviour of a patient's disease both in terms of natural course and as the result of therapeutic interventions. Hence, it also contributes as phenomenon-centric data to support health care research. We will focus on Semantic Web technologies for spatio-temporal representation of the Cardiac MRI images alongside clinical data.
The objectives are to explore and study how to design, represent and engineer a spatio-temporal ontology for Cardiac MRI Images. Expected outcomes are the spatio-temporal semantic representation of the knowledge implicit in biomedical image data represented using an ontology. The vision is to represent spatio-temporal information into an ontology with the capability to compute the correlation between the mIR208a biomarker with the healing rate and reconstruction of the left ventricle. The framework consists of several phases: Currently, we are in Phase 3 and all the sub-phases are done simultaneously. In this paper, we elaborate on Phase 3.3, where the proposed ontology framework by Möller and Sintek [8] is adopted as part of our work.
We define the Representational Ontology using the standard vocabulary for ontologies such as RDF/S [15] and OWL. For the Upper Ontology, the spatio-temporal ontology of heart attack patients gained from the MIRAMI research will be engineered. As the Information Element Ontology serves as a bridge between abstract content in the upper ontology and domain specific content in the domain ontology, the MRI images from the CMR sessions will be placed within this ontology level. The Clinical Ontology will be provided mainly from the doctors conducting the MIRAMI study (this is still under study). The Medical Ontology will contain the FMA ontology. For the purpose of this research, only the branch for the anatomy of the heart will be included. For integration with the disease ontology, only cardiac disease branch will be included. The same goes for physiological ontology and pathological ontology. The Annotation Ontology will be used to perform annotation between the domain specific knowledge from clinical ontology to the CMR images in information element ontology. Using an ontology allows us to express, for example, in a particular CMR session, oedema is present in moderate amount because it is found in oedema images. Since annotations will be computed automatically, they will come only to a certain degree of likelihood. At least in some cases, we want to annotate the relations with a probability. Ontology alignment techniques will be adopted in order to build a new ontology that represents the spatio-temporal cardiac MRI.
Using a fusion of syntax and semantics, we can demonstrate the proposed framework to perform different tasks -analysis, search and retrieval.
V. CONCLUSION AND FUTURE WORK
In this paper we described the case studies, data and framework to engineer a spatio-temporal semantic representation. We also explained how we will adopt an existing framework of ontologies and attempt to apply it to the domain on cardiac magnetic resonance imaging. Through the use of formal ontologies and reasoning capabilities, and syntactic CMR image content representation, we hope to be able to perform semantic matching between queries and content for a better information analysis and retrieval method.
